To complete its infectious cycle, the protozoan parasite, Trypanosoma brucei, must 18 navigate through diverse tissue environments in both its tsetse fly and mammalian hosts. This is 19 hypothesized to be driven by yet unidentified chemotactic cues. Prior work has shown that 20 parasites engaging in social motility in vitro alter their trajectory to avoid other groups of 21 parasites, an example of negative chemotaxis. However, movement of T. brucei toward a 22 stimulus, positive chemotaxis, has so far not been reported. Here we show that upon 23 encountering E. coli, socially behaving T. brucei parasites exhibit positive chemotaxis, 24 83 its natural hosts, it does encounter other bacteria, and E. coli serves as an easy-to-control 84 bacterial sample for use in dissecting chemotaxis in vitro. We find that the response is mediated 85 Page 5 of 49 by an active change in parasite motility that occurs at a large distance from the bacteria, 86 indicating response to a chemical cue. Supporting this idea, we show that attraction is mediated 87 by a signal that diffuses through the culture medium and requires actively growing E. coli. Our 88 findings allowed us to begin dissecting cellular behavior that underlies chemotaxis in T. brucei, 89 revealing changes in motility at both the group and individual cell level. We expect these studies 90 to lead to a deeper understanding of how trypanosomes navigate through diverse environments 91 encountered during their transmission and infection cycle. 92 93 Results 94 1. Socially behaving T. brucei exhibit chemotaxis toward E. coli. 95 During social motility (SoMo), T. brucei cells engage in collective motility to form radial 96 projections that have a clockwise curvature (when viewed from above, Fig. 1A, left) (19). When 97 parasites in these projections sense other T. brucei cells, they actively avoid one another, either 98 by stopping their forward movement, or by changing their direction of movement (Fig. 1A, 99
of the attractant source. As parasites move to this attractant, they now even cross other 155 projections of parasites to reach the bacteria (Fig. 1C : asterisks, 158.5 hpp), a phenomenon never 156 observed in the absence of attractant. This indicates that the attractive cue from the bacteria is 157 stronger than the repulsive cue that otherwise prevents contact and crossing of projections (19) . 158 Altogether, time-lapse video analysis demonstrated that parasites in projections are not 159 exhibiting preferential growth towards E. coli, but are actively directing their movement toward 160 it through positive chemotaxis in response to an attractant that acts at a large distance from the 161 source.
162 163 2. The attractant is diffusible and requires actively growing E. coli. 164 To define characteristics of the attractant, we employed a quantitative chemotaxis assay 165 ( Fig. 2A ) developed based on similar assays used to study chemotaxis in parasitic worms (26) . In 166 this assay a chemotactic index is calculated for each sample by determining the number of 167 projections that enter a 2-cm diameter centered around the sample, compared to how many 168 projections enter a circle centered at the same position when no sample is present. A positive 169 chemotaxis index indicates attraction, while a negative index indicates repulsion, and "perfect" 170 attraction or repulsion is defined as + 1 or -1, respectively. In this assay, a colony of live 171 bacteria has a positive chemotactic index, + 0.37, indicating T. brucei is strongly attracted to E. 172 coli. We previously showed that T. brucei is repelled by other groups of T. brucei (19) . 173 Therefore, as a negative control, we used a T. brucei PDEB1 knockout mutant that does not form 174 projections (8) and produces a colony approximately equal in size to bacterial colonies grown on 175 SoMo plates ( Fig. 2A ). We found that T. brucei was "perfectly" repelled by PDEB1 KO T. brucei, with a chemotaxis index of -1, supporting the capacity of the assay to distinguish 177 attractive versus repulsive chemotaxis. 178 We next considered whether attraction to bacterial colonies might simply reflect a 179 response to a physical perturbation in the agarose surface created by the physical presence of the 180 bacterial colony. To assess this, the chemotactic index of a piece of filter paper was tested, and T. 181 brucei showed no significant chemotactic response ( Fig. 2A) , reinforcing the hypothesis that the 182 response to bacteria is a chemotactic response. 183 Bacteria can produce both volatile -released into the air -and soluble compounds, which 184 can serve as chemotactic cues (27, 28) . To differentiate between these, we first asked whether T. 185 brucei would respond positively to aerosolized volatile compounds. To do this, we employed a 186 variation in the chemotaxis assay in which E. coli was plated on the lid of the petri dish while T. 187 brucei was inoculated on the bottom. T. brucei showed no response to E. coli on the lid, 188 indicating that the attractive cue is non-volatile and suggesting it is a soluble factor that diffuses 189 through the culture medium.
190
To test if the attractant was diffusible through the culture medium, we assessed 191 chemotaxis to E. coli plated on 0.2µm filter discs placed on the SoMo plate. The filter disc 192 prevents bacteria from directly contacting the culture medium, but allows small molecules to 193 diffuse through it. In this case, the chemotactic index was determined relative to a 0.2µm filter 194 disc with no bacteria (Fig. 2B ). T. brucei were attracted to E. coli grown on the 0.2µm filter, 195 with a positive chemotactic index of + 0.42, indicating that attraction occurs in response to a 196 factor smaller than 0.2µm that diffuses through the culture medium. It is important to note that 197 the attractant may be a signal produced directly from the bacteria, or it may be a product of a 198 Page 10 of 49 chemical reaction between a factor produced by the bacteria and a substance present in the 199 culture medium.
200
Because T. brucei are attracted to a diffusible cue emanating from E. coli, we next asked 201 if this required dead or dying bacteria. When bacteria die, they often lyse, releasing intracellular 202 metabolites into the environment, which can serve as nutrient sources for other microbes (29, 203 30), so we asked if T. brucei were attracted to products released from lysed E. coli. To determine 204 the number of lysed bacterial cell equivalents to test, we determined the number of E. coli cells 205 present 96 hpp ( Fig. S2 ) because parasites show an attractive response to bacteria within 96 hpp 206 ( Fig. 1C ). First, hypotonically lysed bacteria were tested to ask if the attractant might be a 207 protein released from lysed bacteria, but no chemotactic effect was seen ( Fig. 2A ). Second, 208 boiled E. coli cell lysates were tested. Boiling E. coli would denature proteins and inactivate heat 209 labile compounds, but other potential metabolites would still be present; however, boiled lysates 210 were repulsive to T. brucei. We also assessed the chemotactic index of dead but non-lysed E. 211 coli, using formaldehyde-killed bacteria and found that T. brucei were repelled by formaldehyde-212 killed bacteria. Taken together, these results indicate that the attractant is diffusible through the 213 culture medium, and actively growing bacteria are required for its production. Efforts to isolate 214 the attractant have so far been unsuccessful. 
217
The attraction of social T. brucei to E. coli presents an opportunity to investigate changes 218 in T. brucei cell behavior underlying chemotaxis. In time-lapsed video analysis we noticed that 219 projections appeared to speed up just before they made contact with the bacterial colony (Fig. 220 3A; Movies 1 and 2). To quantify this, we measured the distance each projection travelled 221 Page 11 of 49 between each frame of the time-lapsed video, either in the presence or absence of bacteria. A plot 222 of distance traveled over time was then generated for each projection (Fig. 3B ).
223
In the absence of bacteria, projections moved with mostly constant speed, as indicated by 224 the constant slope of the line generated by the distance vs time analysis ( Fig. 3B, left) . Distance 225 vs time measurements were fit to a linear or quadratic regression model (Table 1 ). All three 226 projections fit the linear model very well (R 2 = 0.99). Although the quadratic model also fit (R 2 = 227 0.99), the constant in front of x 2 value in each of the three equations was always very small, 228 indicating that in the absence of bacteria, the projections do in fact move with a constant speed 229 (~0.1 cm/hr) (Table 1, Table S1 ). For projections moving in the presence of bacteria, the distance 230 traveled versus time analysis indicated that the projections moved at a constant speed at first, as 231 indicated by the constant slope at early time points. In the hours before impact with the bacteria 232 however, the slope of the line continually increased, indicating that the projections of parasites 233 were accelerating toward the bacteria (Fig. 3B , right).
234
Because it is difficult to fit an equation to a line that changes from a constant slope to an 235 increasing slope, we plotted the change in distance between each time point (i.e. the derivative), Table 2 ). Because projections appeared to move with a constant speed early and then accelerate before colliding with the bacteria, we first asked how well the data could be modeled 245 by a piecewise function that began with a line with zero slope (i.e. constant speed), and then at 246 an unknown time point (denoted by the term "k") changed to a line with a constant and positive 247 slope (i.e. increasing speed) ( Table 2 ). We also asked how well the speed data fit an exponential 248 equation, which would give an equation with an almost zero slope at early time points and then 249 continuously change to an increasing slope. Finally, we also asked how well the data fit a linear 250 equation, which would give an equation of a line with an unchanging slope. We found that while 251 the piecewise function that modeled a zero slope to constant slope fit the speed data well (R 2 = 252 0.522 -0.929), the exponential regression provided a slightly better model for the data (R 2 = 253 0.544 -0.973) ( Table 2) . Linear regression did not fit the data as well as the other two models 254 ( Table 2, Table S1 ). These same models were applied to the speed of projections in the absence 255 of bacteria, and most models gave equations of lines with close to zero slope, confirming that 256 these projections move with a constant speed. These analyses indicate that in the presence of 257 bacteria, projections move with a mostly constant speed, but in the hours before they reach the 258 bacteria the group increases its speed dramatically. Analysis of additional time-lapse videos in 259 the presence or absence of bacteria are consistent with these findings (Fig. S3 , Table S1 ). 4A). We assessed mean-squared displacement (MSD), which takes into account both the speed 268 of cells and how far they move from their initial locations. We found that cells undergoing 269 chemotaxis to E. coli had a lower MSD than cells in projections that were not undergoing 270 chemotaxis (Fig. 4B ). The lower MSD could mean that individual cells move more slowly in 271 response to the attractant or that they alter how they move. To examine this further, we plotted 272 the distribution of each cell's curvilinear velocity versus straight-line velocity. We found that 273 cells sensing an attractant had reduced straight-line velocity compared to cells not engaged in 274 chemotaxis, suggesting that when an attractant is detected, parasites restrict their motion to 275 smaller and more curving paths to remain near to the attractant (Fig. 4C ). To quantify this 276 change, we determined linearity for each cell, calculated as the ratio of straight-line velocity to 277 curvilinear velocity. The mean linearity for cells not undergoing chemotaxis was 0.174, while the 278 mean linearity for those undergoing chemotaxis was significantly decreased at 0.110 (two-tailed 279 t-test, p < 0.0001). A similar paradigm, i.e. cells constraining their movements as they move 280 closer to an attractant source, has been described for bacterial chemotaxis to K + ions within a 281 biofilm (32). projections moved was measured every 2 hours from 68.5 to 74 hours post-plating and from 90 291 to 96 hours post-plating, moments before the projection collided with the bacteria (Fig. 5A ). As 292 expected, projections increased their speed as they moved toward bacteria, accelerating from 293 0.0231 cm/hr to 0.1563 cm/hr ( Figure 5C , Table 3 ). In contrast, in the absence of bacteria, the 294 speed of the projection did not change substantially: 0.0315 cm/hr to 0.0502 cm/hr (Fig. 5D , 295 Table 3 ). It should be noted that these speeds as slower overall than those seen in the time-lapse 296 videos in Figure 3 , which may be due to slight technical differences between the two assays.
297
Over the time-course analysis of the projection tips became more curved ( Fig. 5A and B, center), When individual cells in multiple projections were monitored over time, this same trend 320 held true ( Fig. 5F and G) . In the presence of bacteria, the mean linearity of cells in projections 321 decreased over time (Fig. 5G ), indicating that their movements were becoming more constrained 322 as they moved toward the bacteria. In the absence of bacteria the mean linearity was variable and in chemotaxis in vitro (9, 11, 12) . Our discovery of positive chemotaxis in T. brucei 345 demonstrates that, in addition to moving away from external signals (19), these organisms can 346 detect and move toward specific signals in their extracellular environment.
347
The ability to sense and respond to signals is also expected to be important for T. brucei 348 within its mammalian hosts. Prior work has shown that in addition to the bloodstream and central in the tsetse increases the likelihood of infection by T. brucei (43) (44) (45) (46) . Therefore, T. brucei likely 378 interacts closely with Sodalis during the transmission cycle, and chemotaxis toward Sodalis 379 would be advantageous. While Sodalis can be cultured in vitro, we were unable to culture them on T. brucei media, or vice versa, and thus the chemotactic index of T. brucei toward Sodalis 381 could not be determined.
382
In addition to containing three endosymbiotic bacteria, the midgut of field-caught tsetse 383 flies harbor a wide variety of bacterial species, with variation among different species of tsetse 384 flies and geographic distribution (46) . The most common genera of bacteria found in tsetse fly 385 midguts included Enterobacter, Enterococcus, and Acinetobacter (46) . While the three 386 endosymbionts discussed above are all Gram-negative bacteria, other common genera found in 387 the fly midgut encompass both Gram-negative and Gram-positive bacterial species. We did not 388 detect attraction or repulsion toward the Gram-positive bacterium B. subtilis (data not shown).
389
Future work will be needed to assess whether T. brucei shows chemotaxis to other examples of 390 Gram-positive and Gram-negative bacteria.
391
The exact in vivo correlates of group movements observed in SoMo remain unclear.
392
However, our findings, together with recent work (8, 20, 21, 23, 24, 47) , clearly illustrate the 393 value of SoMo for uncovering novel aspects of trypanosome biology that are relevant in vivo. 394 The discovery here of BacSoMo, positive chemotaxis in T. brucei, and development of T. brucei brucei 29-13 procyclic culture forms were used in this study (51) . Parasites were 418 cultured in SM media with 10% heat-inactivated fetal bovine serum (FBS) at 28°C and 5% CO2.
419
GFP-tagged 29-13 cells were generated by transfection with Spe1-linearized pG-eGFP-Blast 420 (gift of Isabel Roditi, University of Bern) as described previously (24). PDEB1 knockout cells 421 were generated in the 29-13 background by two sequential rounds of homologous recombination 422 using pTub plasmids conferring resistance to blasticidin and phleomycin (52). 452 bp upstream 423 and 635 bp downstream of the PDEB1 coding sequence were used as regions of homology, the 424 same regions used to independently create a PDEB1 KO cell line as in (8). Transfection of the 425 knockout plasmids was performed as described previously (53). Primers used to amplify the 426 PDEB1 regions of homology were described previously in (8), and are also listed here: For Figure 4 , SoMo assays were performed as described above using a population of 508 trypanosomes in which 10% GFP-tagged 29-13 cells were mixed with untagged cells and 509 inoculated on the SoMo plate. Projections that had come near enough to E. coli to being moving 510 toward it were placed in the "Attraction" category, and those that were not were placed in the 511 "No Attraction" category. Tips of these projections were then imaged on a Zeiss Axiovert 200 M 512 inverted microscope at 20x magnification under bright-field microscopy. Movies (30 seconds 513 each) of fluorescent cells in these same projections were then captured at 30 frames per second 514 with Adobe Premiere Elements 9 using 20x magnification under fluorescence microscopy.
515
Fluorescent cells were tracked using a T. brucei-specific cell-tracking algorithm developed in 516 MATLAB (31), and the resulting mean-squared displacement and curvilinear and straight-line 517 velocities were calculated as described (55). Linearity is calculated as the ratio of straight-line 518 velocity to curvilinear velocity. We only considered cells that were in focus for a minimum of 519 300 consecutive frames out of 900. Bright-field images at 20x magnification were acquired for the tips of projections. A straight line 532 of 3-inch standard length was used to measure the angle of curvature of the tip of projections.
533
One end of the standard was placed tangent to the peak of the projection tip, and a straight line 534 was drawn at the other end, perpendicular to the standard until it intersected with the projection.
535
The interior angle was then calculated and assigned as the angle of curvature (Fig. S2C) . All source data used to generate the figures in this manuscript are included in Table S2 . Source 539 code for the MATLAB modeling used to create Figure 3D , Figure S3D , Table 2 , and the Speed 540 vs Time table in Table S1 can be found at 541 https://gist.github.com/614a9d210af934b2cedcc3a76f1b66f1.git. Data in this paper will be made 542 fully available and without restriction. Equations for the best fit for both a linear regression and quadratic regression model were calculated for 774 the indicated T. brucei projection in the absence of bacteria shown in Figure 3B . R 2 values were 775 calculated in Microsoft Excel for each regression analysis. 776
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